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ABSTRACT
As a continuation of the previous investigations of the symmetric and strongly non-
symmetric ion-atom absorption processes in the far UV region within the models of
the quiet Sun photosphere, these processes are studied here within a model of the
sunspot. Here we mean the absorption processes in the H(1s)+H+ and H(1s) + X+
collisions and the processes of the photo-dissociation of the H+
2
and HX+ molecular
ions, where X is one of the metal atoms: X =Na, Ca, Mg, Si and Al. Obtained results
show that the influence of the considered ion-atom absorption processes on the opacity
of sunspots in the considered spectral region (110 nm . λ . 230 nm) is not less and in
some parts even larger than the influence of the referent electron-atom processes. In
such a way, it is shown that the considered ion-atom absorption processes should be
included ab initio in the corresponding models of sunspots of solar-type and near solar-
type stars. Apart of that, the spectral characteristics of the considered non-symmetric
ion-atom absorption processes (including here the case X = Li), which can be used in
some further applications, have been determined and presented within this work.
Key words: stars: atmospheres – sunspots: general – radiative transfer – atomic
processes – molecular processes
1 INTRODUCTION
In the previous investigations the significant influence of
the relevant ion-atom absorption processes on the so-
lar photosphere opacity was already demonstrated. So,
in Mihajlov & Dimitrijevic´ (1986); Mihajlov et al. (1993,
1994) and Mihajlov et al. (2007)) have been studied such
symmetric ion-atom processes, as the molecular ion H+2
photo-dissociation
ελ +H
+
2 −→ H+H
+, (1)
and the absorption charge exchange in (H+ + H)-collisions
ελ +H
+ +H −→ H+H+, (2)
where H=H(1s), H+2 is the hydrogen molecular ion in the
ground electronic state, and ελ - the energy of a photon
with the wavelength λ. The significance of these processes
was established within the solar photosphere models from
Vernazza et al. (1981) and Maltby et al. (1986) in the op-
tical, and from Vernazza et al. (1981) in far UV and EUV
regions of λ. Later, the symmetric processes (1) - (2) were in-
cluded ab initio in one of the new solar photosphere models
(Fontenla et al. 2009).
Then, in Mihajlov et al. (2013) was undertaken the in-
vestigation of some non-symmetric ion-atom absorption pro-
cesses, namely the photo-dissociation and photo-association
of the the molecular ions
ελ +HX
+
−→ H+ +X, (3)
ελ +H+X
+
−→ (XH+)∗, (4)
and the absorption charge-exchange in the ion-atom colli-
sions
ελ +H+X
+
−→ H+ +X, (5)
where X is the ground state atom of one of metals, relevant
for the used solar photosphere model, whose ionization po-
tential IX is smaller than the hydrogen atom ionization po-
tential IH, X
+ - the corresponding atomic ion in its ground
state, HX+ and (XH+)∗ - the molecular ion in the electronic
states which are adiabatically correlated (at the infinite in-
ternuclear distance) with the states of the ion-atom systems
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H + X+ and H+ + X respectively. These processes were
examined within the same solar photosphere model as in
Mihajlov et al. (2007), i.e. the model C from Vernazza et al.
(1981), with X = Mg, Si and Al. Also, in accordance with
the composition of the solar atmosphere, the processes of the
type (3) - (5), but with atom He(1s2) and ion H+ instead H
and X+, were included in the consideration. However, it was
established that in the case of this atmosphere (for the dif-
ference of some helium reach stellar atmospheres considered
in Ignjatovic´ et al. (2014)) such processes can be practically
neglected. Since the ion-atom systems with the mentioned
X are strongly non-symmetric, the examined processes gen-
erate the quasi-molecular absorption bands in the neighbor-
hoods of λ which correspond to the energies ∆H;X ≡ IH−IX .
According to the values of ∆H;X with the mentioned X these
absorption bands lie in the part of the far UV region. We
should note here that the photo-dissociation of the molecu-
lar ion HSi+ was considered first time from the astrophysical
aspect (interstellar clouds and the atmospheres of red giant
stars) in Stancil et al. (1997).
In Mihajlov et al. (2013) was shown that, in the case
of the quiet Sun, ion-atom processes (1) - (2) and (3) - (5)
together become seriously concurrent to some other relevant
absorbtion processes in far UV and EUV regions within the
whole solar photosphere. This result is especially important,
since among all possible ion-atom non-symmetric processes
only those of them, for which the needed data about the
corresponding molecular ions were known, were taken into
account. Because of that, it was natural to conclude that the
non-symmetric processes (3) - (5) should be also included ab
initio in the corresponding solar photosphere models.
One can see that the previous investigations of the ion-
atom absorption processes were performed only in the case of
the quiet Sun. However, it is well known how significant role
for the solar atmosphere the sunspots play, and certainly
it was interesting to see what is the situation with these
processes in such objects. Because of that, this investiga-
tion, whose some preliminary results were referred recently
on a corresponding astrophysical conference Srec´kovic´ et al.
(2013), was undertaken. All considerations were within the
sunspot model M from Maltby et al. (1986). Such choice
was caused by the fact that only this model, among other
models mentioned in the literature (see e.g. Fontenla et al.
(2006)), provided all data needed for the calculations of the
absorption coefficients which characterize the considered ab-
sorption processes. Certainly, the ion-atom absorption pro-
cesses of the type (3) - (5) were included in the consider-
ations. However, here we take into account also additional
processes of the molecular ion photo-dissociation and photo-
association
ελ +HX
+
−→ H+X+∗, (6)
ελ +H+X
+
−→ HX+∗, (7)
where X+∗ is the ion in excited state with the excitation
energy Eexc(X
+∗) . ∆H;X and HX
+∗ - the molecular ion in
the electronic state adiabatically correlated with the state of
the H + X+∗ system, as well as the corresponding collisional
excitation
ελ +H+X
+
−→ H+X+∗, (8)
which realizes over creation of the quasimolecular complex
(H + X+)∗ in the excited electronic state adiabatically cor-
related with the state of the same system H + X+∗ as in
the process (7). Depending of the values of Eexc(X
+∗) the
absorption bands generated by the processes (6) - (8) can
lie not only in far UV region of λ, but also in near UV and
visible regions. The reason for the consideration of these
processes is the fact that the absorption bands generated
by some of them overlap with the bands generated by the
processes (1) - (2) and (3) - (5). If the radiative transi-
tion X+ → X+∗ is allowed by the dipole selection rules
the corresponding absorption band can be treated, as in the
case of the similar phenomena caused by atom-atom colli-
sions (Vezˇa et al. (1998); Skenderovic´ et al. (2002)), i.e. as
the satellite of the ion spectral line connected with the men-
tioned transition.
The basic task of this investigation is to estimate the
significance of the symmetric and non-symmetric ion-atom
absorption processes in the case of the sunspot with re-
spect to the processes of the negative hydrogen ion H−
photo-detachment and inverse ”bremsstrahlung” in (e + H)-
collisions, namely
ελ +H
−
−→ H+ e′, (9)
ελ + e+H −→ H+ e
′, (10)
where e and e′ denote the free electron in initial and fi-
nal channel, which, similarly to the previous papers, are
treated here as the referent processes. It is connected with
the concept of this paper which stays the same as in all
previous papers. Namely, the aim of these papers (see e.g.
Mihajlov et al. (1993, 2007, 2013)) was to pay attention on
the considered ion-atom radiative processes as the factors
of the influence on the opacity of the solar atmosphere. For
that purpose it was needed (and enough in the same time) to
show that the efficiency of these processes in the considered
spectral region is close to the efficiency of some known radia-
tive processes whose significance for the solar atmosphere is
accepted in literature. It is clear that in the case of this atmo-
sphere just the electron-atom processes (9) and (10) can be
taken as the referent ones. Because of that in these previous
papers many other radiative processes have not been consid-
ered, including here the certainly very important processes
of the metal atom photo-ionization, which were already dis-
cussed in the literature in connection with the quiet Sun at-
mosphere in Fontenla et al. (2011). We mean the processes
ελ + (X)
∗
g −→ X
+ + e′, (11)
where (X)∗g denotes the given metal atom in the ground
state, i.e. X, or in any possible (under the considered con-
ditions) excited state, i.e. X∗. However, within the sunspot
we have a significantly smaller temperature than in the quiet
Sun photosphere (see figure about model) and consequently
it is possible to expect there more larger efficiency of these
photo-ionization processes, so that the position of the men-
tioned electron-atom processes as the referent ones is not
so clear. Because of that the processes of the metal atom
photo-ionization were taken into account from the beginning
of this investigation (some of them were considered already
in Srec´kovic´ et al. (2013)). In accordance with above men-
tioned the following absorption processes are included in the
consideration in this work:
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Figure 1. Left panel a:: The bound-free (bf) and free-free (ff) transitions in the case of the symmetric ion-atom processes (1)- (2). Right
panel b: The bound-free (bf), free-free (ff) and free-bound (fb) transitions in the case of the non-symmetric ion-atom processes: −→ -
Eqs. (3)- (5), −− > Eqs. (6)-(8).
- the symmetric ion-atom processes (1) - (2);
- the non-symmetric processes (3) - (5) with X = Na, Ca,
Mg, Si and Al, for which the needed data about the corre-
sponding molecular ions HX+ are known;
- the non-symmetric processes (6) - (8) with X+∗
= Ca+(3p63d), Ca+(3p64p), Ca+(3p65s), Ca+(3p64d),
Ca+(3p65p) and Al+(2p63s3p),
- the electron-atom processes (9) and (10);
- the photo-ionization processes (11) with all metal atoms
relevant for the used sunspots model, i.e. including the case
X = Fe.
Let us note that as in Srec´kovic´ et al. (2013) only such non-
symmetric processes are taken into account here for which
all needed data about the corresponding molecular ions are
known from the literature.
It is well known that inside sunspot is needed to take
into account the presence of its magnetic field. In connection
with this we have to note that according to the existing data
(see e.g. Penn & Livingston (2011)) this field is always not
larger than 4000 Gs. This is very important for us since it
can be shown that in our further considerations the presence
of such magnetic field can be completely neglected and all
needed calculations can be performed as in the case of the
quiet Sun.
The aims of this work request determination of the cor-
responding spectral absorption coefficients for all mentioned
ion-atom processes, as well as for the concurrent absorption
processes (9) - (10) and (11), as functions of λ and the height
h above the referent solar atmosphere layer. In this context
the processes (1) - (2), (3) - (5) and (6) - (8) are treated
as the processes from the groups ”1”, ”2” and ”3” respec-
tively, which is denotes by the corresponding index: j = 1,
2 or 3. Let us note that here the spectral characteristics
of the non-symmetric processes of the type (3) - (4), but
with X = Li, are also determined in rather wide regions of
the temperatures and wavelengths. Namely, such processes
could be of interest for lithium rich stellar atmospheres (”Li
stars”, Hack et al. (1997); Shavrina et al. (2001, 2003)) as
an additional canal for the creation of the neutral lithium
atoms.
All relevant matter is distributed below in five Sections
and two Appendices. So, the expressions of the considered
absorbtion processes are given in the Sections 2 and 3, to-
gether with the needed comments about the methods of their
determination. The Section 4 contains the needed comments
about used calculation methods. The results of the calcula-
tions of the spectral coefficients and other quantities, which
characterize the relative efficiencies of the considered pro-
cesses, are presented (with the corresponding discussions)
in the Section 4, and in the last Section 5 are given some
conclusions and are indicated directions of the further in-
vestigations. Then, the potential curves and dipole matrix
elements of the molecular ions HX+ with X = Na and Li,
which are determined within this work, are given in Ap-
pendix A. Finally, some of the spectral characteristics of the
processes (3) - (5) and (6) - (8), which can be used in some
other applications, are presented in Appendix B.
2 THE SPECTRAL CHARACTERISTICS OF
THE ION-ATOM ABSORPTION PROCESSES
2.1 The partial ion-atom absorption coefficients
The above mentioned ion-atom absorption processes,
namely:
- the photo-dissociation (bound-free) processes (1), (3) and
(6),
- photo-association (free-bound) processes (4) and (7),
- absorption charge-exchange and collisional excitation (free-
free) processes (2), (5) and (8)
are illustrated by Fig. 1. The efficiencies of these processes
are characterized in this work by the corresponding partial
spectral absorption coefficients denoted with:
- κ
(bf)
ia;1 (λ;h), κ
(bf)
iaX;2(λ;h) and κ
(bf)
iaX;3(λ;h),
- κ
(fb)
iaX;2(λ;h) and κ
(fb)
iaX;3(λ;h), - κ
(ff)
ia;1 (λ;h), κ
(ff)
iaX;2(λ;h) and
κ
(ff)
iaX;3(λ;h) respectively.
In accordance with the previous papers these coeffi-
cients are given by the similar expressions, namely
κ
(bf,ff)
ia;1 (λ;h) = K
(bf,ff)
ia;1 (λ, T ) ·NHNH+ , (12)
κ
(bf,ff)
iaX;j (λ;h) = K
(bf,ff)
iaX;j (λ, T ) ·NHNX+ , j = 2, 3, (13)
c© 2008 RAS, MNRAS 000, 1–9
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Figure 2. Left panel a:: The hydrogen and metal ion densities NH+ and NX+ for the sunspot umbral model M from Maltby et al.
(1986). Right panel b: The local temperature T and the densities N(e) and N(H) of the free electrons and hydrogen atoms for the
sunspot model M and referent model of the quiet Sun atmosphere from Maltby et al. (1986).
κ
(fb)
iaX;j(λ;h) = K
(fb)
iaX;j(λ, T ) ·NHNX+ , j = 2, 3, (14)
where K
(bf,ff)
ia;1 (λ, T ), K
(bf,ff)
iaX;j (λ, T ) and K
(fb)
iaX;j(λ, T ),
where j = 2 and 3, are the corresponding rate coefficients.
With T , NH, NH+ and NX+ are denoted here the local tem-
perature and densities of the hydrogen atoms and ions H+
and X+ respectively, whose values are taken (for each h)
from the used sunspot model of Maltby et al. (1986). Here,
as in the previous papers, it is understood that the photo-
dissociation rate coefficients are defined by the known rela-
tions
K
(bf)
ia;1 (λ, T ) = σ
(phd)
H+
2
(λ, T ) · χ−1(T ; H+2 ), (15)
K
(bf)
iaX;j(λ, T ) = σ
(phd)
HX+;j
(λ, T ) · χ−1(T ; HX+), j = 2, 3, (16)
χ(T ; H+2 ) =
[
N(H)N(H+)
N(H+2 )
]
T
, (17)
χ(T ;HX+) =
[
N(H)N(X+)
N(HX+)
]
T
, (18)
where σ
(phd)
H
+
2
(λ, T ) and σ
(phd)
HX+;j
(λ, T ), where j = 2 and 3, are
the mean thermal photo-dissociation cross-sections: for the
molecular ions H+2 in the process (1), and for ions HX
+ in
the processes (3) and (6) respectively. With N
H+
2
and NHX+
are denoted the densities of the molecular ions H+2 and HX
+,
and the designation [...]T denotes that the factors χ(T ;H
+
2 )
and χ(T ; HX+) are determined under the condition of the
local thermodynamical equilibrium (LTE) with given T .
2.2 The total ion-atom absorption coefficients
The total efficiency of the symmetric ion-atom processes (1)
- (2), i.e. group ”1”, is characterized here by the spectral
absorption coefficient κia;1(λ;h), given by
κia;1(λ;h) = Kia;1(λ, T ) ·N(H)N(H
+),
Kia;1(λ, T ) = K
(bf)
ia;1 (λ, T ) +K
(ff)
ia;1 (λ, T ).
(19)
In connection with the non-symmetric processes we will in-
troduce firstly the total efficiencies of the processes (3) -
(5) and (6) - (8), i.e. groups ”2” and ”3”, for given X
which are characterized by the spectral absorption coeffi-
cients κX;2(λ;h) and κX;3(λ;h). They are given by
κX;j(λ;h) = KX;j(λ, T ) ·N(H)N(X
+), (20)
KX;j(λ, T ) = K
(bf)
X;j (λ, T )+K
(fb)
X;j (λ, T )+K
(ff)
X;j (λ, T ), (21)
where j = 2 and 3, and X is the metal atom relevant in
these cases. Than, the total efficiencies of the whole groups
”2” and ”3”, i.e. the non-symmetric processes (3) - (5) and
(6) - (8) with all relevantX, are characterized by the spectral
absorption coefficients κia;2(λ;h) and κia;3(λ;h) given by
κia;j(λ;h) = Σ(X)jκX;j(λ;h), j = 2, 3, (22)
where (X)j denotes that the summation is performed over
all metal atoms relevant for the processes from the corre-
sponding groups. As the consequence, the efficiency of sym-
metric and non-symmetric processes (3) - (5) is character-
ized by the spectral absorption coefficient κia;1−2(λ;h) given
by
κia;1−2(λ;h) = κia;1(λ;h) + κia;2(λ;h), (23)
and the total efficiency of all considered ion-atom absorp-
tion processes - by the corresponding spectral absorption
coefficient κia(λ;h), namely
κia;1−3(λ;h) = κia;1−2(λ;h) + κia;3(λ;h), (24)
where the coefficients κia;3(λ;T ) is given by Eq. (22).
3 THE SPECTRAL CHARACTERISTICS OF
THE CONCURRENT ABSORPTION
PROCESSES
The efficiency of the electron-atom absorption processes (9)
and (10) are characterized here by the corresponding bound-
free (bf) and free-free (ff) spectral absorption coefficients
c© 2008 RAS, MNRAS 000, 1–9
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κea;bf (λ;h) and κea;ff (λ;h). They are taken in the usual
form
κea;bf (λ;h) = Kea;bf (λ, T ) ·N(H)N(e), (25)
κea;ff (λ;h) = Kea;ff (λ, T ) ·N(H)N(e), (26)
from where it follows that the efficiency of these electron-
atom processes together is characterized here by the total
absorption coefficient κea(λ;h) given by
κea(λ;h) = Kea(λ, T ) ·N(H)Ne,
Kea(λ, T ) = Kea;bf (λ, T ) +Kea;ff (λ, T ).
(27)
where Kea;bf (λ, T ) and Kea;ff(λ, T ) are the corresponding
partial rate coefficients. The first of them is defined by the
known relations
Kea;bf (λ;h) = σ
(phd)
H−
(λ) · χ−1(T ;H−),
χ(T ;H−) =
[
N(H)Ne
N(H−)
]
,
(28)
where σ
(phd)
H−
(λ) is the spectral cross-section for the ion H−
photo-detachment, the designation [...]T - is already defined
above, and N(H) and the free electron density N(e) are
taken from the used sunspot model.
Than, the photo-ionization processes (11), which are
connected with the metal atoms of the given kinds, are
characterized here by the corresponding effective spectral
absorption coefficient κphi;[X](λ;h), namely
κphi;X(λ;h) = σ
(phi)
[X]
(λ;T ) ·N([X]; h), (29)
where [X] marks the kind of the given metal atoms,
N([X]; h) - the mean local density of all these atoms, i.e.
the atoms in the ground state and in all excited states atoms
which are realized with existing Ne and T , and σ
(phi)
[X] (λ; )
is the corresponding mean (for given T ) photo-ionization
cross-sections.
4 THE CALCULATION METHODS
4.1 The ion-atom absorption processes
As it is known the spectral rate coefficients introduced in
Eqs. (12) - (14) are calculated using the data about the
relevant molecular ions characteristics. We mean the poten-
tial curves of the initial and final electronic states of the
considered molecular ions and the corresponding transition
dipole moments. The behavior of these characteristics as
the functions of the internuclear distance R was already
shown in the cases of the symmetric and non-symmetric
(X = Mg and Si) ion-atom processes in Mihajlov et al.
(2007) and Mihajlov et al. (2013) respectively. Also, it is
illustrated here by figure in the Appendix A in the case X
= Na. The potential curves and transition dipole moments
needed for the non-symmetric processes (3) - (5) with X =
Na and Li are determined within this work and presented
in Appendix A. For other above described non-symmetric
ion-atom processes they are taken from Mihajlov et al.
(2013), Aymar & Dulieu (2012), Nguyen et al. (2011) and
Habli et al. (2011), and for symmetric processes - from
Mihajlov et al. (2007).
In this work all mentioned ion-atom processes, exclud-
ing (2) and (8) with X+∗ = Ca+(3p64p), have completely
quantum-mechanical treatment, and the corresponding par-
tial rate coefficients are determined in the same way as
in Mihajlov et al. (2007) and Mihajlov et al. (2013), where
the whole procedure was described in details. Since the
transition dipole moment of the system H + H+ unlimit-
edly increases (with increasing of R), the partial rate co-
efficient for the free-free process (2) is determined here
semi-classically, as it was described in Mihajlov et al. (1994)
and Mihajlov et al. (2007). Then, in the case of the non-
symmetric processes (6) - (8) with X+∗ = Ca+(3p64p) the
radiative transition Ca+(3p64s)→ Ca+(3p64p) is allowed by
the dipole selection rules and, consequently, quasi-molecular
band generated by these processes represent a satellite of the
corresponding ion spectral line. In this case the transition
dipole moment approaches (when R increases) to constant
6= 0. Because of that the rate coefficient for this free-free pro-
cess can be determined by now only semi-classically. How-
ever, in this case it is needed to use the semi-classical pro-
cedure which is described in Ignjatovic´ et al. (2009) in con-
nection with the ion-atom processes in helium-rich stellar
atmospheres. Let us note that the spectral rate coefficients
of the considered non-symmetric absorption processes, in-
cluding the processes with X = Li, are presented here in
the Appendix B.
4.2 The concurrent absorption processes
The electron-atom absorption processes (9) - (10) are
described in this work similarly to Mihajlov et al.
(1994) and Mihajlov et al. (2007). Because of that the
photo-detachment cross-section σ
(phd)
H−
(λ) and the inverse
”bremsstrahlung” rate coefficient Kea;ff (λ, T ) introduced
in Eqs. (26) - (28), which cause the efficiencies of these
processes, are determined here using the data presented in
Stilley & Callaway (1970) and Wishart (1979).
According to Eq. (29) the efficiencies of the processes
(11) of the considered metal atoms photo-ionization de-
pend on the densities N([X]; h) of these atoms and on
the mean photo-ionization cross-sections σ
(phi)
[X] (λ;T ). These
cross-sections for the atoms of all relevant metals (Na, Ca,
Mg, Si, Al, Fe) are calculated here in the wide region of λ
and T on the basis of the data from Travis & Matsushima
(1968). The densities N([X]; h) are determined from Saha’s
equation, with given T , N(e) and the ion densities N(X+).
For that purpose is needed to know the corresponding parti-
tion functions Q[X](T ; δX), where δIX ≡ δIX(T ;N(e)) is the
lowering of the ionization potential of the given ground state
atom X. The calculation of the partition functions, which is
the key element of the whole procedure of N([X]; h) deter-
mination, is performed here on the basis of the data from
Drawin& Felenbok (1965).
However, because of this source of the data about the
partition functions it is needed to stay for a moment on
this point. The reason for this is the fact that the partition
functions are calculated in Drawin& Felenbok (1965) for the
values of δIX from the region which is limited from below
with 0.1 eV, while in our case (N(e) ∼= 1012cm−3, T ∼= 3500
K) we have that δIX ∼ 10
−4 eV. As it is known in the
Saha’s equation δIX appears also in the argument of its ex-
c© 2008 RAS, MNRAS 000, 1–9
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Figure 3. The plots of all considered absorbtion processes for log τ = 0 in the case of the sunspot (umbral model M from Maltby et al.
(1986)): Mg, Si, etc. - the abbreviations for the spectral coefficients κphi;X of the metal atoms photo-ionization processes (11) with X
= Mg, Si, etc.; κea - the electron atom processes (9) and (10) together (H−-continuum); κia;1 - symmetric ion-atom processes (1) and
(2) together (H+2 -continuum); κia;1−2 - ion-atom symmetric and non-symmetric processes (3) - (5); κia;1−3 - all ion-atom processes,
including non-symmetric processes (6) - (8).
ponent, but in the considered case δIX/kT . 10
−3 and the
influence of δIX on the values of that exponent can be com-
pletely neglected. However, the fact that existing δIX ≪
0.1 eV has to be examined from the aspect of its influence
on the partition functions. Namely, the moving of the value
of δIX from 0.1 eV to about 10
−4 eV causes the increas-
ing of the principal quantum number of the last realized
excited atomic state from about 11 to about 200. It was
shown that such increasing of the largest principal quan-
tum number causes the increasing of the values of the par-
tition functions only for about 0.5 percentage. This result
means that the partition functions calculated by using the
data from Drawin& Felenbok (1965), which relate to δX =
0.1 eV, were applicable for determination of the densities
N([X]; h).
5 RESULTS AND DISCUSSION
The sunspot model M from Maltby et al. (1986), as well
as its differences with the respect to the quiet Sun refer-
ent model, also from Maltby et al. (1986), are illustrated by
Fig. 2. So, the part of this figure (”a”) presents the den-
sities of the hydrogen ions H+ and H− and relevant metal
ions (Na+, Ca+, etc.) as the functions of h. The part (”b”)
presents the local temperature and the densities of the free
electrons and hydrogen atoms (T , Ne and N(H)) from the
model M together with the corresponding quantities (Tref ,
Ne;ref Nref (H)) from the referent model, also as the func-
tions of h.
In accordance with the mentioned in the Introduction
we should obtain firstly the picture which reflects the rel-
ative efficiencies within the sunspot of all symmetric and
non-symmetric ion-atom processes (1) - (2), (3) - (5) and
(6) - (8), as well as the electron-atom absorption processes
(9) - (10) and metal atom photo-ionization processes (11).
For that purpose the several plots of spectral absorption co-
efficients of all these processes were performed for the values
of log τ between 1.0 and −1.0 in the region 70 nm 6 λ 6
800 nm. We mean on the ion-atom coefficients κia;1(λ;h),
κia;1−2(λ;h) and κia;1−3(λ;h), which are given by Eqs. (19)
- (24), as well as on the electron-atom and photo-ionization
coefficients, namely κea(λ;h) and κphi;[X](λ;h), which are
given by (27) and (29) respectively. It was established that
in the short wave part of this spectral region, generally we
have the domination of the photo-ionization processes (11)
in respect to all other considered absorption processes. So,
for −1.0 6 log τ 6 0.5 the mentioned domination exists in
the region λ . 250 nm, but with the increasing of the value
of logτ this region decreases and for log τ = 1.0 the region
of this domination is λ . 175 nm.
In the same time it was established that the electron-
atom absorption processes (9) - (10) can be treated now as
the referent processes not only in the case of the quiet Sun
photosphere, but also in the case of a sunspot. Moreover, for
any value of log τ just these processes dominate in the best
part of the whole considered spectral region in respect to
all other absorption processes, including the processes (11).
All mentioned is illustrated by Fig’s. 3 and 4 which show
the plots of all considered absorption processes for log τ =
0.5 and 0.0 respectively. Let us note that the plots for log τ
= 0.5 were needed since just in the region log τ > 0.0 the
density of the H+ ions becomes very fast increasing.
In Fig’s. 3 and 4 the plot of each of all considered photo-
ionization processes (11) is shown separately. These plots are
marked by designations of the corresponding atoms (”Mg”,
”Si”, etc.). We draw attention that here was not planed to
c© 2008 RAS, MNRAS 000, 1–9
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Figure 4. Same as in the Fig. 4 but for log τ = 0.5
obtain the plot describing the total efficiency of all photo-
ionization processes. Namely to obtain such a plot would
be certainly useful in the context of the synthesis of the
corresponding sunspot spectrum. However, such task is out
of the frame of the present work.
The electron-atom processes (9) - (10), which are
treated sometimes as the H−-continuum, are represented
here by their common plot which in these figures is marked
by κea. However, in accordance with the aims of this work,
the examined ion-atom absorption processes are character-
ized by three corresponding plots, namely: one for the whole
group ”1”, i.e. the symmetric processes (1) and (2), which
are known also as the H+2 -continuum; second for these first
processes together with the non-symmetric processes of the
group ”3”, i.e. (3) - (5); third for all considered ion-atom
processes together, including the non-symmetric processes
of the group ”3”, i.e. (1) - (2). These plots are marked here
by ”κia;1”, ”κia;1−2” and ”κia;1−3” respectively. The pre-
sented ion-atom plots show that it was indeed necessary to
take into account additional non-symmetric processes of the
group ”3”. Namely, one can see that the inclusion of these
processes significantly increases the total efficiency of the
non-symmetric ion-atom absorption processes.
The figures 3 and 4 demonstrate that the total effi-
ciencies of all considered symmetric and non-symmetric ion-
atom absorption processes in the region 110 nm . λ . 230
nm is of the same order of the magnitude as the one of the
electron-atom processes (9) - (10) together (H−-continuum).
However, here is needed to emphasis that in the significant
part of this region these total efficiencies are close, or the
ion-atom efficiency is even larger than electron-atom one.
From Fig. 2 one can see that the plasma temperature
in sunspot (T ) is significantly smaller than in the case of
the quiet Sun (Tref ) in the larger part of that region of log
τ or h which is shown in this figure. Consequently, it was
possible to expect that in this region the relative importance
of the non-symmetric absorption processes (in respect to the
-100 -50 0 50 100 150 200
0.0
0.2
0.4
0.6
0.8
1.0
log =0log =1
120nm
210nm
200nm
170nm
125nm
G
(n
si
m
)
ia
h[km]
T~3000KT~7000K
150nm
log =-2
Figure 5. The behavior of the quantity G
(nsim)
ia (λ; h), given by
equation (30), which characterizes the relative efficiency of all
non-symmetric ion-atom processes in respect to the total effi-
ciency of all ion-atom absorption precesses (the sunspot model
M from Maltby et al. (1986)).
symmetric ones), at least for 110 nm . λ . 230 nm, will be
larger than in the case of the quiet Sun. In order to test this
assumption and to establish what is the contribution of all
considered non-symmetric processes to the total ion-atom
efficiencies in far UV region of λ we have determined the
adequately defined quantity G
(nsim)
ia (λ;h), namely
G
(nsim)
ia (λ;h) =
κia;2(λ;h) + κia;3(λ;h)
κia;1−3(λ;h)
, (30)
where κia;j(λ), with j = 2 and 3, and κia(λ;h) are given by
Eqs. 22 and 24 respectively. The behavior of this quantity
(for several values of λ) is illustrated by Fig. 5 in the interval
of heights: -125 km 6 h 6 200 km. From this figure one can
see that in far UV region the non-symmetric processes are
c© 2008 RAS, MNRAS 000, 1–9
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(ia)
ea (λ; h), given by equation (31), which characterizes the relative efficiency of all (symmetric
and non-symmetric) ion-atom processes with respect to the total efficiency of the electron-atom absorption precesses (9) - (10) within
the sunspot model M from Maltby et al. (1986).
dominant in respect to the symmetric ones for h > 50 km,
i.e. in the largest part of the region of h shown in Fig. 2, but
for -75 km 6 h . 50 km the efficiencies of the symmetric
and non-symmetric processes are close. This fact shows that
in the case of the sunspot (as in the case of the quiet Sun) it
is useful to treat the symmetric and all non-symmetric ion-
atom absorption processes together. Finally, we will have
to compare within the same part of the sunspot (which is
shown in Fig. 2) the total efficiencies of the ion-atom and
referent electron-atom absorption processes (9) and (10) to-
gether (H−-continuum) in the considered part of the far UV
region of λ. Already this figure gives the possibility to ex-
pect that in the sunspot case these total efficiencies could
be close at least in a part of the mentioned spectral region.
It can be tested on the basis of the behavior of the quantity
F
(ia)
ea (λ;h), defined by
F (ia)ea (λ) =
κia;1−3(λ;h)
κea(λ;h)
, (31)
where κea(λ;h) is given by Eq. 27. The behavior of this
quantity (also for several values of λ from the far UV re-
gion) is illustrated by Fig. 6 in the same interval of heights:
-125 km 6 h 6 200 km. This figure shows that: for any
of the taken λ the total efficiency of all ion-atom absorption
processes is close, or even larger than the efficiency of the ref-
erent electron-atom processes (H−-continuum) in the largest
part of the mentioned interval of h. This means that in the
case of the sunspot it is needed to consider the discussed
ion-atom absorption process in the mentioned part of the
far UV region (110 nm . λ . 230 nm) always together with
the referent electron-atom processes (H−-continuum). Con-
sequently, the considered ion-atom processes should be also
included ab initio in the corresponding models of sunspots
of solar-type and near solar-type stars. Due to possible fu-
ture investigations of these ion-atom processes, the needed
spectral rate coefficients are determined and presented in
Appendix B. Since the ion-atom processes of the type (3) -
(5) with X = Li could be interesting in connection with the
so called lithium stars (mentioned in the Introduction), the
corresponding spectral rate coefficients are also presented in
this Appendix.
6 CONCLUSIONS
From the presented material it follows that the considered
symmetric and non-symmetric ion-atom absorption pro-
cesses influence on the opacity of sunspots in the considered
spectral region (110 nm . λ . 230 nm) not less and in some
parts even larger than the referent electron-atom processes.
The presented results show that further investigations of the
non-symmetric ion-atom absorption processes promise that
their efficiency could be increased considerably. Namely, the
processes (3) - (5) with X = Fe were not considered here
because of the absence of the data about the needed char-
acteristics of the corresponding molecular ion. However the
Fe component, according to Fig. 2, gives the significant con-
tribution to the electron density. Also, some of the possible
processes of the (satellite) type (6) - (8) could be very effi-
cient. It means that the inclusion in the consideration of all
possible relevant non-symmetric ion-atom absorption pro-
cesses would surely increase their total efficiency. Because
of that, we take such inclusion as the task for the inves-
tigations in the nearest future. For this purpose, here are
presented the spectral characteristics of the considered ion-
atom absorption processes which can be used in some further
applications.
Finally, the presented results show that in far UV re-
gion the significance of the considered ion-atom absorption
processes is sufficiently large that they should be included
c© 2008 RAS, MNRAS 000, 1–9
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ab initio in the corresponding models of the sunspots. Apart
of that, obtained results could be useful also in the case of
different solar like atmospheres.
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APPENDIX A: THE MOLECULAR ION
CHARACTERISTICS
The potential curves of the ground and several low lying
excited electronic states of the molecular ions HNa+ and
HLi+, as well as the corresponding transition dipole matrix
elements, are calculated here by means of the method which
was described in details in Ignjatovic´ & Mihajlov (2005).
The calculated characteristics of these molecular ions are
shown as the functions of the internuclear distance R in
Fig’s. A1 and A2, where the zero of the energy is chosen in
such a way that the potential energy U1(R) of the ground
electronic state is equal to zero at R = ∞. In these fig-
ures are given the characteristics not only of the ground and
first excited electronic state with the energy U2(R), but also
of the several excited states whose energies are larger then
U2(R). Namely, we keep in mined that such excited elec-
tronic state of the ions HNa+ and HLi+ could be needed in
some further applications.
The mentioned calculation method was developed for
the molecular ions A+2 , AB
+ and HB+2 , where A and B are
the alkali metal atoms (Li, Na, etc.). Within this method
the wave functions of the adiabatic electronic states of
the considered molecular ion are described in the single-
electron approximation, under the condition which are anal-
ogous to the orthogonality conditions in the known pseu-
dopotential method of Heine (1970). Using this method, in
Ignjatovic´ & Mihajlov (2005) were successfully determined
the potential curves and the dipole matrix elements of the
ions Na+2 and Li
+
2 , and later in Ignjatovic´ et al. (2008) -
of the ion LiNa+. Let us note that the first version of this
method was used in Mihajlov & Ignjatovic´ (1996) just in
the connection with the radiative processes in (H + Li+)-
collisions.
APPENDIX B: THE BEHAVIOR OF THE
SPECTRAL CHARACTERISTICS
The spectral rate coefficients KX;2(λ;T ) and KX;3(λ;T ) for
the non-symmetric processes (3) - (5) and (6) - (8) respec-
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Figure A1. Left panel a: The potential curves of the several low lying electronic states of the molecular ion HNa+. Right panel b: The
matrix elements of the transition dipole moment for the given electronic states of the molecular ion HNa+.
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Figure A2. Left panel a: Same as in Fig. A1 side a, but for the molecular ion HLi+. Right panel b: Same as in Fig A1 side b, but for
the molecular ion HLi+.
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Figure B1. Left panel a: The behavior of the spectral rate coefficients KX;j=2(λ, T ), given by Eq. (21), which characterize all non-
symmetric ion-atom absorption processes (3)-(4) with X=Mg. Right panel b: Same as in left panel, but for X=Si.
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Figure B2. Left panel a: Same as in Fig. B1, but for X=Ca. Right panel b: Same as in Fig. B1, but for X=Na.
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Figure B3. Left panel a: Same as in Fig B1 but for X=Li. Right panel b: The behavior of the spectral rate coefficients KX;j=3(λ, T ),
given by Eq. (21), which characterize satellite ion-atom non-symmetric absorption processes (6)-(7) with X+∗=Ca+∗.
tively, which can be used in some further applications, are
presented here in the relevant regions of λ and T . Since the
properties of the behavior of the similar spectral rate coef-
ficients were already discussed (with quite a lot of details)
in Mihajlov et al. (2013), here they are shown in Fig’s. B1 -
B3 without additional comments.
c© 2008 RAS, MNRAS 000, 1–9
